We have investigated the electronic structure of A-site ordered CaCu 3 Ti 4 O 12 as a function of temperature by using angle-integrated and -resolved photoemission spectroscopies. Intrinsic changes of the electronic structure have been successfully observed in the valence band region by the careful consideration of charging effects. The obtained photoemission results have revealed that the intensity of the nearly non-dispersive Cu 3d-O 2p hybridized bands at the binding energy of ∼2 eV increases with decreasing temperature from 300 to 120 K. This suggests that the density of the localized states, caused by the strong correlation effects, enhances as temperature decreases.
Introduction
A-site ordered perovskite CaCu 3 Ti 4 O 12 (CCTO) has attracted much attention due to the colossal dielectric constant (ε) and the intriguing properties such as the Mott insulator phase. The value of ε is as high as 10 4 −10 5 over the wide range of temperature (100−600 K) in the frequencies of 10−1
MHz [1, 2] . This implies that CCTO is a promising material for applications such as energy storage and random access memory devices. However, the mechanism of the colossal ε has not been well established. The unique behavior of the temperature dependence of ε has been considered as a key to understand its mechanism; ε dramatically drops down to ∼100 around 100−200 K without any structural phase transition, which is quite different behavior from those of the typical ferroelectric materials such as BaTiO 3 [2] .
Several scenarios have been proposed to explain the colossal ε. One of such scenarios is the internal boundary layer capacitance (IBLC), in which the grain boundary and/or the twinning of the insulating boundary are assumed [3, 4] . This has used mainly to explain the frequency dependence of the colossal ε. Another scenario is the polaron relaxation with a variable range hopping (VRH) conductivity by considering the localized states. This has focused mainly on the understanding of the temperature dependence of the colossal ε [5, 6, 7] . Besides, A-site disorder of Ca and Cu has been suggested as the origin of the colossal ε [8] .
These debates require clarification of the underlying electronic structure of CCTO [9, 10, 11, 12, 13, 14] . Photoemission spectroscopy (PES) is one of the most powerful methods to directly observe the electronic structure [15, 16] . Actually, we have clarified the band dispersion using angle-resolved photoemission (ARPES) measurements of the high-quality single crystalline CCTO at room temperature [12] . The results have pointed out that the strong correlation effects cause the Mott insulator phase of CCTO. Recently, the electronic structure in the unoccupied states and the band gap (∼1.5−1.8 eV) have been also revealed in the combination of the inverse photoemission (IPES) and angle-integrated photoemission (AIPES) measurements [13] .
However, the PES study as a function of temperature has not been reported due to the difficulties to deal with charging effects in the measurement of insulators.
Here, we have performed the temperature-dependent AIPES and ARPES measurements on the single crystalline CCTO from 120 to 300 K. Thanks to the careful investigation of charging effects, we could successfully observe the modification of the electronic structure with the temperature variation. The results suggest that the intensity of the non-dispersive Cu 3d-O 2p hybridized bands at the binding energy of ∼2 eV increases with decreasing temperature, indicating the enhancement of the localized states.
Experimental details
High quality CCTO single crystals were grown by the floating-zone method.
We have carried out the temperature-dependent PES experiments at the beamline 5U of UVSOR synchrotron, which has a soft X-ray monochromator, the so-called SGM-TRAIN, with entrance and exit slits [17] . ARPES and AIPES measurements have been performed in the temperature range from 120 to 300 K at the photon energy (hν) of 90 eV. The clean surface of the (100) plane was prepared by in-situ cleaving in the ultra-high vacuum less than ∼2 × 10 −8 Pa. The Fermi level (E F ) was referred to that of the Au thin film. Resolution was set to be about 0.2 eV at hν = 90 eV and the slit size of 100 µm in both entrance and exit slits.
Results and Discussion
During the PES measurement of semiconductors or insulators, the high intensity of the incident photon-flux often gives rise to the electrical charging of samples [15, 18] . This must be properly dealt with to obtain the intrinsic PES spectra. In order to investigate charging effects of CCTO, AIPES mea-surements were performed with changing both of the entrance and exit slit sizes from 10 to 150 µm, fixing the incident photon energy (hν = 90 eV) and the temperature (T = 300 K). Photon-flux was monitored by the current of the gold-mesh located in the lower flow side of the exit slit, which changes from ∼0.08 to ∼6 nA as the slit size changes from 10 to 150 µm. Figure 1(a) shows the AIPES spectra of CCTO in valence band region. In all the AIPES spectra with the different slit sizes, the four typical peak features were observed in good agreement with the previous results [12, 13] ; the intense Cu 3d peak at ∼3.8 eV, the broad peak of O 2p states around 5−8 eV, the small broad shoulder of mainly Cu 3d-O 2p hybridized states at ∼2 eV, and the atomic-like satellite peaks in 9−14 eV. In Fig. 1(b) , the AIPES spectra were enlarged to investigate the Cu 3d-O 2p hybridized states at ∼2 eV. For the sake of comparison, the spectral intensities were normalized to the Cu 3d peak at ∼3.8 eV. We can clearly observe that the intensity of the Cu 3d-O 2p hybridized states decreases with increasing the photon flux. Figure 1(c) is the plot of its intensity variation as a function of the slit size. Besides, the small shift of Cu 3d peak was observed in the slit size of 150 µm as shown in the inset of Fig. 1(b) . Consequently, we can summarize the charging effects of CCTO during the PES experiments as following two tendencies. One is the decrease of the Cu 3d-O 2p hybridized states at ∼2 eV and the other is the shift of Cu 3d peak at ∼3.8 eV to the higher binding energy as the incident photon-flux increases. Fig. 2(b) . The intensity variation was summarized in Fig. 2(c) . However, it is difficult to turn out whether the noticeable increase of the peak intensity below 200 K is intrinsic or not, because of a possibility of the influence of the charging effects.
For a deeper insight of the temperature dependence of Cu 3d-O 2p hybridized bands, we carried out the temperature dependent ARPES measure- We find that the decrease of the peak intensity at ∼2 eV with increasing the slit size is more clearly observed than those of the AIPES spectra in Fig. 2 .
And, such charging effects become more obvious at the lower temperature.
In Figs. 3(m)−3(o), the increase of peak intensity ∼2 eV with decreasing temperature was clearly observed, which are the intrinsic variation of the electronic structure as revealed in the AIPES results. It should be also noted that the Cu 3d-O 2p hybridized bands are nearly non-dispersive and has the localized character originated from the strong correlation effects between electrons [12, 13] . This suggests that the localized states at ∼2 eV, caused by the strong correlation effects, enhance with decreasing temperature.
Finally, let us discuss a relation between the obtained PES results and the colossal ε. Even though we cannot determine if the large enhancement of the localized states below 200 K is intrinsic or not as discuss in the AIPES spectra (Fig. 2) , it is interesting that the temperature region is roughly consistent 9 with where the VRH conductivity has occurred [5, 6] . In addition, it should be emphasized that the scenarios to explain the colossal ε in the introduction have been based on the insulating phase of CCTO, which actually originates from the strong correlation effects as evidenced by the PES studies [12, 13] .
Therefore, the strong correlation effects such as the Mott insulator phase should be taken into account for the more accurate understanding of the colossal ε [19, 20, 21] .
Conclusions
We have performed the temperature-dependent AIPES and ARPES measurements on the high-quality single crystalline CCTO from 120 to 300 K.
By careful investigation of the charging effects, we could successfully observe the temperature dependence of the intrinsic electronic structure. The AIPES and ARPES results have revealed that the intensity of the nearly nondispersive Cu 3d-O 2p hybridized bands at ∼2 eV increases with decreasing temperature, indicating the enhancement of the density of the localized states originated from the strong correlation effects. We believe that the obtained results would provide an underlying physics to understand the origin of the colossal ε.
